1. A transglucosylase has been separated from cell extracts ofStreptococcus mitis, and has been partially purified by chromatography on DEAE-cellulose. 2. The transglucosylase was present in the six strains of Streptococcus mitis that were examined, and the activity of the enzyme was the same whether the cells had grown on glucose or on maltose. Four of the strains could store intracellular iodophilic polysaccharide when grown on high concentrations of glucose or maltose (1%), but none of the strains stored polysaccharide during growth on 0.1% glucose. The activity of transglucosylase in cell extracts was the same whether or not the cells had stored polysaccharide. 3. The transglucosylase degrades amylose in the presence of a suitable acceptor, transferring one or more glucosyl residues from the non-reducing end of the donor to the non-reducing end of the acceptor. With [14C] glucose as acceptor the maltodextrins produced were labelled in the reducing glucose unit only. 4. The enzyme can synthesize higher maltodextrins from maltose and maltotriose. Maltotetraose is disproportionated to give products of sufficient chain length to give a stain with iodine. 5. The action pattern of S. miti during the degradation of synthetic amylose was shown to be intermediate between the single-chain and multi-chain mechanism.
Gibbons & Kapsimalis (1963) have described a strain of Streptococcus mitis that could store intracellular iodophilic polysaccharide when the cells were provided with excess of glucose. Catabolism of this polysaccharide could provide S. mitis with energy in a utilizable form (Gibbons, 1964a) . Gibbons & Socransky (1962) have suggested that some oral bacteria may contribute to the caries process in humans by storing polysaccharides within the cell, and then metabolizing this reserve carbohydrate to lactic acid when the exogenous sugar supply was no longer available. Polysaccharide-storing organisms might thus be responsible for maintaining carious plaque at a low resting pH. Gibbons (1964b) found that 54% of the organisms cultivated from plaque from caries-active individuals were capable of storing large quantities of polysaccharide, whereas only 29 % of the organisms from caries-inactive plaque had this ability. The organisms present in high dilutions of plaque were characterized by Gibbons, Socransky, de Araujo & van Houte (1964) . Streptococci were the single most numerous group, but Streptococcus salivarius was absent since none of the streptococci formed mucoid colonies when grown on sucrose. Krasse (1954) also found that S. salivarius comprised only 1% of the streptococci in plaque; the other streptococci consisted mainly of S. mitis. Howell, Rizzo & Paul (1965) reported that streptococci were the predominant organisms in human dental plaques, but none of the strains had all the characteristics of S. mitis or of S. salivarius.
Weiss, King, Kestenbaum & Donohue (1965) have shown that maltose is incorporated into a polysaccharide, similar to that formed from glucose, by S. Mitis. Maltose was utilized at the same rate as glucose.
No studies of the enzymic mechanisms for the synthesis and degradation of the reserve polysaccharide of S. mitis have been reported. In the present paper the isolation and properties of a cellbound transglucosylase are described. This enzyme can synthesize oligosaccharides from maltose by transferring a-(1 -*4)-glucosidic linkages. Amylose with 0*067M-phosphate buffer, pH7.1, then resuspended in the same buffer (25 ml. for each litre of broth). The cells were disrupted for 15min. in a Raytheon model DF101 magnetostriction oscillator. The residue was removed by centrifuging for 15min. at 27000g, and the enzymes in the supernatant solution were dialysed for 16hr. against 0-01M-phosphate buffer, pH6.4.
Chromatography on DEAE-celludose. A portion (25ml.) of the cell extract was applied to a column (1 cm. x 25 cm.) of DEAE-cellulose (Brown Co., Berlin, N.H., U.S.A.) previously washed with 0-01M-phosphate buffer, pH6.4.
The column was eluted with increasing concentrations of phosphate buffer, the gradient being linear between 0-01 and 0-40M. Seventy fractions (7mL. each) were collected at a flow rate 50ml./hr. The fractions containing peak activity of transglucosylase, which were eluted with 0 30-0-35m buffer, were pooled and used where possible without dialysis. The enzyme could be stored at -20°without lo0s in activity over 12 months.
Determination of transglucosylase activity. The digest (I.Oml.) contained amylose (1mg.), glucose (2.5mg.) and enzyme (Olml. in 0.3M-phosphate buffer, pH6.4). A control digest was incubated without glucose. After 15min. at 350 portions (0.1 ml.) from the digest and control were stained with iodine [0-1 ml. of a solution that contained iodine (2g./l.) and KI (20g./1.)] and diluted to 5ml. The extinction at 650m,t was read in 1cm. cells in a Unicam spectrophotometer. The value obtained in the digest was subtracted from the control to which no acceptor had been added, and the result was a measure of the transferring ability of the enzyme. A linear relationship between enzyme concentration and decrease in iodine stain was obtained when the latter did not exceed 0-2.
Paper chromatography. Maltodextrins were separated on Whatman no. 3MM paper during irrigation with ethyl acetate-pyridine-water (10:4:3, by vol.) for 48hr. The papers were dipped in AgNOs-NaOH (Trevelyan, Procter & Harrison, 1950). [14C]Maltodextrins were located by radioautography. Carbohydrates eluted from paper chromatograms with water were determined by the primary cysteine-H2S04 method of Dische, Shettles & Osnos (1949) . Glucose was separated from sorbitol in butan-2-one-acetic acid-water saturated with boric acid (9:1:1, by vol.) as described by Rees & Reynolds (1958) , and the dipping reagents contained pentaerythritol (Frahn & Mills, 1959 (Huggett & Nixon, 1957) as modified by Dahlquist (1961) . The ratio of glucose in the 1% cells to that in the 0-1% celLs was similar to that obtained from the rhamnose/hexose determinations under (a) (see Table 1 ). RESULTS S. miti8 strain 439 was grown in media where glucose was replaced by maltose (1 %) and starch (1%). Growth on starch was poor, being less than 10% of that on glucose, and the carbohydrate was not utilized. Maltose supported the growth of the bacteria and was utilized as extensively as glucose. Glucose and a series of maltodextrins were detected in the broth by paper chromatography. Oligosaccharides up to maltohexaose were present in similar amounts to maltose; spots corresponding to higher maltodextrins were slight. When the cellfree filtrates were incubated with amylose in standard activity digests there was virtually no change in iodine stain over 48hr. This indicated the absence of amylase and transglucosylase in the medium.
Storage of polyWaccharide in S. mitis 8train8. The cells were grown on nutrient agar containing 1% glucose or 1% maltose, and after 2 days the colonies were stained with iodine. Strains S3 and FW213 were strongly iodophilic, strains 439 and FW225 also stained well, but strains RB 1633 and FW251 gave a very feeble stain. A more accurate estimation of polysaccharide storage by these organisms was obtained by determining the amount of glucose released on acid hydrolysis of the cells. When the cells were grown on 0-1 % glucose, the percentage of glucose in the whole cells was 2-5% for each of the six strains. No glucose remained in the medium, and it was concluded that the organisms contained little or no reserve polysaccharide when grown under these conditions. After growth on 1% glucose the amount of glucose released on acid hydrolysis varied considerably between the strains. The glucose content of strains RB 1633 and FW251 remained the same whether they were grown on media containing 0-1% or 1% glucose, indicating the inability of these cells to store polysaccharide. Strains 439 and FW225 yielded five and six times as much glucose as the controls grown on 0-1 % glucose. The ratio for strains S3 and FW213 was 14 and 12 respectively. These results are shown in Table 1 , where there are also included data for the rhamnose/hexose ratios of the whole-cell suspensions. Comparisons of these ratios for the cells grown on media containing 1-0% and 0-1% glucose agree well with those obtained by the more specific enzymic method of glucose determination. Thus the measurement of rhamnose and hexose in the cell suspension is a rapid and accurate test for the storage of polysaccharide.
Tran8gluco8ylke activity of S. mitis extract8. Cell extracts were prepared from all strains, and the results of transglucosylase activity and nitrogen content are shown in Table 2 . All the extracts showed transglucosylase activity, strains S3 and RB 1633 being the most active, and strain FW251 having the lowest specific activity. With the exception of strain RB 1633, which stored no polysaccharide but had high transglucosylase activity, there was a relation between transglucosylase activity and ability to store polysaccharide. Strain RB 1633, unlike the other five strains, was devoid of oc-(l -6)-glucosidase (G. J. Walker, unpublished work).
The transglucosylase activity of strain FW213 was determined after growth for 1 day and 2 days. The activity per milligram of nitrogen fell from 13-8 at 24hr. to 8-7 at 48hr.
In a further experiment strain S 3 was grown for 24hr. in media containing 1-0% and 0-1% glucose.
The cell count per ml. of the washed suspensions was 12-5 x 109 and 12-0 x 109 respectively. The cells from the 1 % glucose broth were twice the size of those grown on 0-1% glucose, and the turbidity (E570,) of the former was over seven times that of the cells grown on 0-1 % glucose. The results for transglucosylase activity of the cell extracts (Table 3) indicated that this enzyme was present The amylomaltase of Escherichia coli is produced only when the organism is grown on a medium containing maltose (Monod & Torriani, 1950) . Accordingly the transglucosylase activity of S. mitis S 3 cell extracts was compared for cells that had grown on glucose (1%) and on maltose (1%) for 1 and 2 days. The results (Table 4) maltose, maltodextrins or amylose. The dialysed enzyme was incubated with amylose and glucose at various pH values. The pH optimum was 7-5 (Fig. 1) . The effect of temperature on the reaction was studied between 20°and 50°. The optimum temperature for a 30min. reaction was 460 (Fig. 2) . A temperature of 350 was chosen for reactions with transglucosylase.
Activities of various carbohydrates as acceptors. The amount of glucose in the activity digest was varied from 0-6 to 6mg., and the accepting ability of methyl a-D-glucoside, isomaltose and panose was compared with that of glucose (Fig. 3) Wt. of acceptor (mg.) Fig. 3 . Determination of the accepting efficiency of glucose (o), methyl a-D-glucoside (e), isomaltose ( A) and panose (A). The transglucosylase-activity digests (1 ml.), containing various weights of the sugars, were incubated for I hr. at 350.
accepting activity was achieved with 2 5mg. of glucose, and methyl oc-D-glucoside, isomaltose and panose were 30, 9 and 7 % as efficient as glucose. The accepting efficiency of maltose was tested under conditions unsuitable for the disproportionation of maltose (see below). The activity digests contained transglucosylase from strain RB 1633 (O lml.) and glucose or maltose (2.5mg.). The fall in iodine stain with maltose as acceptor was 50% of that in the glucose digest. The dextrins produced in the reaction with methyl oc-D-glucoside as acceptor did not react with the benzylamine reagent of Bayly & Bourne (1953) and no glucose was produced during the transferring reaction. The fall in iodine stain of amylose was entirely due to the transfer of glucose residues to methyl oc-D-glucoside, showing that the reducing group of the acceptor need not be free.
The products of the reaction with amylose and isomaltose and panose were compared with those obtained in similar experiments with the transglucosylase of S. bovis (Walker, 1965 Action of tran8gluco8yla8e on malto8e and maltotrio8e. The enzyme (0-4ml.) was incubated with maltose and maltotriose (5mg.) in 0-8ml. for 24hr. Examination of the products by paper chromatography revealed that maltose had been disproportionated mainly to glucose, maltotriose, maltotetraose, maltopentaose and maltohexaose, and there was a trace of maltoheptaose. The products from maltotriose were glucose, maltose and higher dextrins up to malto-octaose. There were also smaller amounts of products with very low RF values.
The relative rate of action of S. miti8 transglucosylase on maltose and maltotriose was followed by measuring the release of glucose with glucose oxidase. The results (Fig. 4) suggested that the enzyme had a more rapid action on maltotriose. The initial rate of glucose release was faster, and equilibrium was achieved more rapidly. When the enzyme acted on maltose each transfer must result in the release of glucose, whereas with maltotriose glucose was liberated only when two glucosyl units were transferred. Evidence from paper chromatography indicated that the transglucosylase could were present in digests (1 ml.) containing maltose (10mM) and transglucosylase (0 ml. of strain RB 1633). Controls containing the above quantities of maltotriose, but no maltose, were treated similarly. The values for glucose released in the controls were subtracted from those in the digests to give the results shown for glucose released from the maltose component of the digests.
released from 1 mM-maltotriose alone was only 51 ,g. Thus it appeared that maltotriose had a significant activating effect on the reaction with maltose. Higher concentrations of maltotriose (10mM) were required before the lag period was entirely removed, and under these conditions glucose release from maltose became almost linear with time, and was 80% of the rate of glucose release from maltotriose.
In the presence of higher concentrations of enzyme, the amount of glucose released in digests containing both maltose and maltotriose was close to the sum of glucose released when maltose and maltotriose were incubated separately with transglucosylase (Fig. 4) . The effect of including the glucose-oxidase reagent in the lml. digests containing maltose or maltotriose was investigated. It was expected that the removal of glucose might activate the reaction of the low concentration of transglucosylase with maltose. Oxidation of the chromogen occurred in the maltotriose digest, but there was virtually no reaction with maltose during 2hr. (Table 5) .
In these experiments the substrate was not in excess. Increasing the concentration of maltose up to 0-075M had no effect on the lag period obtained when the concentration oftransglucosylase was low. The results obtained when higher concentrations of transglucosylase were incubated with various substrate concentrations are shown in Fig. 7(a) , and Lineweaver-Burkplots of 1/v vs. 1/S are given in Fig. 7(b) . The Km values for maltose and maltotriose were approximately 0-1 and 0-05M respectively.
Action of tran8gluco8ylase on [14C]mnalto8e. Transglucosylase (3.5ml.) was incubated with [14C]-maltose (24-3mg., 0-024mc) in 7ml. After 24hr. at 35°more enzyme (lml.) was added, and after incubation for a further 24hr. a test with glucose oxidase indicated that the equilibrium concentration of glucose had been reached. The products of the reaction were separated by paper chromatography and eluted with water. The radioactivity and yield of the maltodextrins are shown in Table  6 . The molar proportion of maltose to glucose at equilibrium was calculated to be 0 59 (by wt.) and 0-57 (by counts). This is similar to the value of 0-6 reported by Monod & Torriani (1950) and 0-52 reported by Wiesmeyer & Cohn (1960) Syntheai8 of iodine-8taining poly8accharide8. Al- though the action of transglucosylase on maltose and maltotriose allowed the synthesis of oligosaccharides of D.P. no greater than 6 and 8 respectively, incubation of the enzyme with maltotetraose and maltodextrins of higher chain length gave products that stained with iodine (Fig. 8) . When the glucose released during the action on maltose and maltotriose was converted into glucose 6-phosphate, iodine-staining polysaccharide was produced. At 50hr. (Fig. 8 products; a multi-chain attack would result in a fall in average chain length and a concomitant fall in .\nK. In the present work a synthetic amylose of D.P. 40 was prepared by incubating potato phosphorylase (lOml., 2 units) with maltohexaose (6-7mg.), 8.3% ammonium molybdate (05ml.), O lM-glucose 1-phosphate (3.5ml.) and 0-05M-citrate buffer (Ilml.) at 35°. The reaction was stopped after 21hr. when determinations of inorganic phosphate and A.. of the iodine-stained polymer indicated a chain length 40, and the amylose was dialysed overnight. The polysaccharide was then incubated with transglucosylase and glucose, and the progress of the reaction was measured by iodine-staining, the absorption curves being plotted in the region 500-660mu. At the same time the reaction of three other enzymes on 0-6r- G. J. WALKER the same substrate was studied. The slope of the straight line joining the peaks of the curves was an indication of the action pattern of the enzyme (Bailey & Whelan, 1957) . The values of the slopes (Fig. 10) Time of incubation (hr.) Fig. 11 . Radioactivity of maltodextrins released during the degradation of terminally labelled synthetic amylose by transglucosylase. At 20hr. the incorporation of radioactivity into maltose (0), maltotriose ( A), maltotetraose (o) and maltopentaose (0) was 8255, 7290, 4158 and 3493 counts/lOOsec. respectively. would give zero slope, the results indicated a greater proportion of single-chain attack for transglucosylase than for fl-amylase. Bailey & French (1957) calculated that ,-amylase makes on the average four enzymic attacks per encounter with a polymer.
Attempts were made to provide conditions whereby the transglucosylase might show a higher proportion of multi-chain action. In one experiment, the concentration of glucose was decimated, thus giving more opportunity for the enzymesubstrate complex to dissociate before a further transfer to the glucose acceptor could occur. In another experiment, the reaction was carried out at 20, since Bailey & Whelan (1957) found that the proportion of multi-chain action of f-amylase was increased at temperatures removed from the optimum. In neither case was there an increase in the value of the slope.
Action of tran8gluco8ykwe on terminally labelled 47-unit amylo8e.
[14C]Maltohexaose (05mg.), prepared by the action of transglucosylase on ['4C]-maltose (see above), was incubated with 0-1M-glucose 1-phosphate (0-3ml.), potato phosphorylase (0.9ml.), 0-2M-citrate buffer, pH6-0 (0-3ml.) and 8.3% ammonium molybdate (005ml.) in 2-5ml.
After 2hr. at 350 Am., of the iodine-stained product was 570m,t, corresponding to D.P. 47 (Bailey & Whelan, 1961) . The digest was heated at 1000 for 2min. to inactivate the enzyme, and the mixture was dialysed overnight at room temperature. The synthetic amylose (1.25mg.) was incubated with glucose (3.75mg.) and transglucosylase (0.15ml.) in 3 3ml., and at intervals portions (0.05ml.) were stained with iodine (0.05ml.) in lml., and other portions (0.5ml.) were boiled, deionized, concentrated and applied to paper chromatograms. The dextrins were located by radioautography, eluted with water, and their radioactivity was determined in the liquid-scintillation counter. The results (Fig. 11) show that release of labelled maltodextrins occurred from the beginning of the reaction. At Table 7 . Degradation of 8ynthetic amylo8e with tran8gluco8ylase Terminally labelled synthetic amylose was incubated with transglycosylase and glucose as described in the text. The maltodextrins were separated by paper chromatography and determined by the method of Dische et al. (1949) . 
